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(57) ABSTRACT

A wideband bandpass filter includes an RF input terminal, an
RF output terminal, a plurality of electrically tunable cou-
pling capacitors coupled in series between the RF input and
output terminals, and a plurality of resonating circuits each
including an electrically tunable resonator capacitor coupled
to one of the coupling capacitors. At least one resistance is
coupled in series between at least one of the coupling capaci-
tors for providing enhanced out of band rejection of the filter.

24 Claims, 6 Drawing Sheets

Frequency Control

40a
60
BW Control a
64J ch= 66¢c 66d 66e 65f
}E Lb Lb Lb Lb
68¢c 68d 68e 68f
Rb ,—46¢ Rb Rb Rb
RFIN R1 G sl RF OUT
426J D1 D1 D2 DZ D3 03 D4 D4 v\44b
Rb b58d
d 46
s8¢ D7 46t
Lb L1
56c D5 Rb 54d Ds Rb 54e 7 Rb
) \ \

72) Cbi 74c 76C

74d 76d 74e T6c

62



U.S. Patent Oct. 20, 2015 Sheet 1 of 6 US 9,166,564 B2

20
22 24
26—~ | —
28 17 18
10
12 s %! 139 3 ¥ 14
. + a
— WW— N ——
iy CONTROLS CENTER
FREQUENCY
|\
\
% \
\
\
< |
= '
CONTROLS = a2 e 2
BANDWIDTH = T = /=
‘o, ==7 =+ £
\ / //
/
/
L —/ %
L
FIG. 1

PRIOR ART



US 9,166,564 B2

Sheet 2 of 6

Oct. 20, 2015

U.S. Patent

£ °OIA
asy egy
{[gte]]e] HN2UID
Buieuosal Buneuosal
a9y omJ &9%
Jojoeded VAVA Joyoeded
w Buiidnod Buijdnoo N
144 A4
14V HOIdd
dnod, _ o
A=A ¢ OIA
Nmm
r—-——————7 1 _ r
oy
_ I _L
I _
!
T T _]
_ |
_ I
_ Kl
b e J V¢N<|\
oe ONINdNOJ



US 9,166,564 B2

Sheet 3 of 6

Oct. 20, 2015

U.S. Patent

9L 8yl

avy

1N0 44

aqd
189

Q7
199

v OIA
29
. t o u
P9L PYL 99, oYL
£ Ve £ vl T 9 \
agy pZS P8y 926 o8P losyuo) Aouanbai 4
RN TS TN 4
ayg aqy oomw PPS ay momN oG 296
361 Ega 1 S
LAAN pgy  Sd
! ay
€ay €a _ No/ zd la 1a ezy
14 1Y NI 34
ay ay om¢.\\ ay
989 P89 989
a a1 ai H
399 P99 299 uo ¥9
I | S W
[onuod Mg
09—



U.S.

Patent

-10
-15
-20
-25
-30
-35
-40
-45
-50
-55
-60

dB(S(1,1)) (H)

dB(S(2,1)) (H)

-10
-15
-20
-25
-30
-35
-40
-45
-50
-55
-60

S(2,1)) (H)

—

dB(S(1,1)) (H)

dB

Oct. 20, 2015

Sheet 4 of 6

US 9,166,564 B2

=
=

\

/

=

A
AN

L
L
—

\

v
¥
|
/

N

AN
AN

N

NN

AN

V477

/
[

DN N

e

freq. GHz
Frequency and Bandwidth tuning together

FIG. 5a

1.5 20 25 30 35 40 45 50 55 6.0

\
NN

M
NN

NN
\

NN

I

ANWY
AN

N

1.5 20 25 30 35 40 45 50 55 6.0

freq. GHz
Bandwidth tuning Only

FIG. 5b



U.S. Patent Oct. 20, 2015 Sheet 5 of 6 US 9,166,564 B2

80

PACKAGE
GND GND GND GND GND GND GND GND '/_@

o 1\—51\U Ly — (Do

GND ( E Z GND
GND O o0 © U0 U DO © / GND
SToreTo M T Ve T< BT -Yelo! )
= ) ©] = :
GND © ol B 5 GND
[® © )] @
B @] [® B
GND [ G 5] GND
@) ] = =)
© © )}
GND @] ©] © (@) GND
"n\ - 2 s §15 i /—'\
—a —
IN o ~r ouT
Ol [C)i[O] O] 0] [OJ11O] [©] 0] 1O}]|O]
® G @ O] %
GND e o GND
] ® © O] @ ® [« O
@ CELS c
GND GND

N
T
—
(1

GND GND GND VT1 GND VT2 GND GND

Bonding diagram of Die in surface mount package

FIG. 6



U.S. Patent Oct. 20, 2015 Sheet 6 of 6 US 9,166,564 B2

0 . | l I l |

Out of band rejection without R1
-10 i /’
i —with R1
20 I j}/ 4 -—-without R1 [
i
-30 &
\
\ \
-40 |' ‘\ /
% \ ,l b U —_——— /
= -50
3 \ i — 84

\
Out of band rejection with R1

0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

FIG. 7



US 9,166,564 B2

1
WIDEBAND ANALOG BANDPASS FILTER

RELATED APPLICATIONS

This application hereby claims the benefit of and priority to
U.S. Provisional Application Ser. No. 61/337,474, filed on
Feb. 4, 2010 under 35 U.S.C. §§119, 120, 363, 365, and 37
C.F.R. §1.55 and §1.78, which application is herein incorpo-
rated by reference.

FIELD OF THE INVENTION

This invention relates to an analog bandpass filter.

BACKGROUND OF THE INVENTION

There are many applications in which it is desirable to have
a bandpass filter with high linearity such that a minimal
amount of spurious are generated when subjected to an input
spectrum with multiple tones. In some applications, it is also
desirable for a bandpass filter to be tunable in both center
frequency and bandwidth.

Bandpass filters are known in the art. U.S. Pat. No. 3,110,
004 relates to a prior tunable bandpass filter, FIG. 1, which
includes a multiple tuned resonator filter with each tuned
section including a variable reactance device, i.e., a single
varactor. The filter also includes a reactive coupling network
with its own variable reactance device, and a variable reac-
tance divider at the input of the first resonator which also
incorporates a variable reactance device. One disadvantage of
the filter in FIG. 1 is that its linearity is less than desirable.

U.S. Pat. No. 5,376,907 relates to another filter, shown in
FIG. 2, in which the tuning voltage applied to the resonator
varactors is identical to the voltage applied to the coupling
varactors. As such, this filter cannot provide independent
control of the frequency and the bandwidth.

BRIEF SUMMARY OF THE INVENTION

It is therefore an object of this invention to provide a
bandpass filter that has high linearity.

It is a further object of this invention to provide such a
bandpass filter which is tunable in both center frequency and
bandwidth.

The invention results from the realization that an improved
bandpass filter that has high linearity can be achieved by a
plurality of electrically tunable coupling capacitors coupled
in series between the RF input and output terminals, and at
least one resistance coupled in series between at least one of
the coupling capacitors for providing enhanced out of band
rejection of the filter. The bandpass filter also includes a
plurality of resonating circuits that each includes an electri-
cally tunable resonator capacitor coupled to one of the cou-
pling capacitors. In embodiments of the invention, the band-
pass filter includes control circuits to tune the center
frequency and bandwidth of the filter.

The subject invention, however, in other embodiments,
need not achieve all these objectives and the claims hereof
should not be limited to structures or methods capable of
achieving these objectives.

This invention features a bandpass filter which includes an
RF input terminal; an RF output terminal; a plurality of elec-
trically tunable coupling capacitors coupled in series between
the RF input and output terminals; a plurality of resonating
circuits each including an electrically tunable resonator
capacitor coupled to one of the coupling capacitors; and at
least one resistance coupled between the RF input and output
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terminals in series with at least one of the coupling capacitors
for providing enhanced out of band rejection of the filter.

In one embodiment, the filter may include a first control
circuit coupled to the coupling capacitors to adjust the band-
width of the filter system. The first control circuit may include
a bandwidth control terminal, and an inductance and a resis-
tance coupled in series between the bandwidth control termi-
nal and each of the coupling capacitors for tuning the cou-
pling capacitors.

The filter may further include a second control circuit
coupled to the resonator capacitors of the resonating circuits
to adjust the center frequency of the filter system. The filter in
which the second control circuit may include a frequency
control terminal, and an inductance and a resistance coupled
in series between the frequency control terminal and each of
the resonating capacitors for tuning the resonating circuits.

Each of the capacitors may be a varactor. Each of the
varactors may include two diodes coupled together. Each of
the varactors may include only one diode. The filter may be
implemented on a planar monolithic substrate. The mono-
lithic substrate may be selected from the group of GaAs or
SiGe. The varactors may include a p-n junction. The varactors
may include a field effect transistor (FET) and uses a capaci-
tance between a gate and a source of the FET. Each capacitor
may include a ferroelectric based capacitor. Each varactor
may include a MEMS-based capacitor. The monolithic sub-
strate may be mounted in a surface-mount package. The filter
in which the at least one resistance may be a non-parasitic
resistance. The at least one resistance may include two resis-
tances coupled together with one of the resonating circuits
coupled to a node between the two resistances.

The at least one resistance has a value between a range of
greater than zero and 100 Ohms.

The invention also features a bandpass filter including an
RF input terminal; an RF output terminal; a plurality of elec-
trically tunable pairs of varactors coupled back-to-back in
series between the RF input and output terminals; a plurality
of resonating circuits each including an electrically tunable
resonator capacitor coupled to one of the pairs of varactors;
and at least one resistance coupled in series between at least
one of the pairs of varactors for providing enhanced out of
band rejection of the filter.

In one embodiment, the filter may include a first control
circuit coupled to at least one of the pairs of varactors to adjust
the bandwidth of the filter system. The first control circuit
may include a frequency control terminal, and an inductance
and a resistance coupled in series between the frequency
control terminal and each of the pairs of varactors for tuning
the pairs of varactors. The filter may include a second control
circuit coupled to at least one of the resonator capacitors of
the resonating circuits to adjust the center frequency of the
filter system. The second control circuit may include a fre-
quency control terminal, and an inductance and a resistance
coupled in series between the frequency control terminal and
each of the resonating capacitors for tuning the resonating
circuits.

The configuration of the filter may include a Chebyshev
filter. The Chebyshev filter may be a third order filter.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Other objects, features and advantages will occur to those
skilled in the art from the following description of a preferred
embodiment and the accompanying drawings, in which:

FIG. 1 is a circuit diagram of a prior art bandpass filter;
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FIG. 2 is a circuit diagram of another prior art bandpass
filter;

FIG. 3 is a circuit diagram of one embodiment of the
wideband bandpass filter in accordance with the subject
invention;

FIG. 4 is a circuit diagram of a more detailed embodiment
of the wideband bandpass filter of FIG. 3;

FIGS. 54 and 54 are plots showing the response of the
wideband bandpass filter of FIG. 4 with the resonator and
bandwidth controls, respectively, being varied;

FIG. 6 is a layout of a die and the bonding diagram for the
wideband bandpass filter of FIG. 4; and

FIG. 7 is a plot showing the response of the bandpass filter
for a given frequency and bandwidth for the wideband band-
pass filter of FIG. 4 showing the out of band performance
dependence on R1.

DETAILED DESCRIPTION OF THE INVENTION

Aside from the preferred embodiment or embodiments
disclosed below, this invention is capable of other embodi-
ments and of being practiced or being carried out in various
ways. Thus, it is to be understood that the invention is not
limited in its application to the details of construction and the
arrangements of components set forth in the following
description or illustrated in the drawings. If only one embodi-
ment is described herein, the claims hereof are not to be
limited to that embodiment. Moreover, the claims hereof are
notto beread restrictively unless there is clear and convincing
evidence manifesting a certain exclusion, restriction, or dis-
claimer.

There is shown in FIG. 1 a prior tunable bandpass filter 10
that includes a multiple tuned resonator filter with each tuned
section 12-14 incorporating a variable reactance device
16-18, i.e., a single varactor. Filter 10 also includes a reactive
coupling network 20 with its own variable reactance devices
22, 24, and a variable reactance divider 26 at the input of the
first resonator 12 which also incorporates a variable reactance
device 28. One disadvantage of the filter in FIG. 1 is that its
linearity is less than desirable due to the single ended con-
figuration of its varactors.

Another prior bandpass filter 30, FIG. 2, has its tuning
voltage on line 32 applied both to resonator varactors and to
coupling varactors. As described above, bandpass filter 30
cannot provide independent control of the frequency and
bandwidth.

In accordance with the invention, a wideband analog band-
pass filter 40, FIG. 3, that provides high linearity includes an
RF input terminal 42, an RF output terminal 44, and a plural-
ity of electrically tunable coupling capacitors 46a, 465
coupled in series between RF input and output terminals 42,
44. A plurality of resonating circuits 48a, 485 each include an
electrically tunable resonator capacitor coupled to one of the
coupling capacitors. To provide enhanced out of band rejec-
tion of the filter, at least one resistance 50 is coupled between
the RF input and output terminals 42, 44 in series with at least
one of the coupling capacitors 46a and/or 464.

Another embodiment of wideband analog bandpass filter
40a, FIG. 4, takes the configuration of a “Top C” coupled,
third-order lumped element Chebyshev filter and includes
back to back varactors 46¢-46fto provide electrically tunable
coupling capacitance. Resonating circuits 48c¢-48¢ each
include a pair of back to back varactors 52¢-52¢ which are
respectively coupled in parallel with inductors 54¢-54e.
Inductors 54¢-54¢ may be implemented as short transmission
lines. Resonating circuits 48¢-48e are each coupled to at least
one of the pairs of coupling varactors 46c-46f.
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4

Resistances 56c¢-d are coupled between the RF input and
output terminals 424, 44a in series between coupling capaci-
tors 46d and 46e to enhance the out of band rejection of the
filter. Inductors 56¢-56d are respectively connected in series
with resistors 58¢-584 which in turn are respectively coupled
to coupling varactors 46¢ and 46/

First and second control circuits 60 and 62 are used to
provide independent control of the bandwidth and center
frequency of the filter. First control circuit 60 is coupled to
coupling varactors 46¢-46f to adjust the bandwidth of the
filter system. First control circuit 60 includes a bandwidth
control terminal 64, and an inductance 66¢-66f and a resis-
tance 68c-68fcoupled in series between the frequency control
terminal and each of the pairs of coupling varactors 46c-46f
for tuning the coupling varactors.

Second control circuit 62 is coupled to resonating circuits
48¢-48¢ to adjust the center frequency of the filter system.
Second control circuit 62 includes a frequency control termi-
nal 72, and an inductance 74¢-74e and a resistance 76¢-76e
coupled in series between the frequency control terminal and
each of the pairs of resonating varactors 52¢-52 e for tuning
the resonating circuits.

The linearity of filter 40a is improved by incorporating
back to back pairs of varactors in the filter substantially elimi-
nating the non-symmetrical variation of capacitance under ac
excitation around a given dc operating point. The back to back
pairs of varactors in FIG. 4 are shown coupled as cathode to
cathode, but each may alternatively be coupled as anode to
anode. Other electrically tunable capacitors could be used
instead of back to back pairs of varactors, such as a single
varactor, a ferroelectric based capacitor, a MEMS-based
capacitor, and/or a field effect transistor (FET) that uses the
capacitance between the gate and the source of the FET.

Resistors 50a and 504 provide significant additional out of
band rejection in the frequency range where the resonator
inductors 54c¢-54e no longer provide the lumped element
equivalent inductance as is the case in the frequency range of
the pass band. Resistors 50a and 505 are preferably non-
parasitic resistances such as those parasitically provided by
the varactors or connection lines.

The value of resistors 50a and 505 may be chosen by
balancing the tradeoff between passband insertion loss and
out of band rejection. Resistors 50a and 505 may have a value
in the range of greater than zero to 100 Ohms, or even greater.
More preferably, resistors 50a and 505 may have a value in
the range of greater than zero to 50 Ohms. Even more pref-
erably, resistors 50a and 505 may have a value in the range of
greater than zero to 20 Ohms. Resistors 50a and 5056 are
shown in FIG. 4 as each having an acceptable value of 4 Ohms
which provides minimal insertion loss but provides accept-
able out of band rejection. Preferably the value of resistors
50a and 505 are chosen so that the passband insertion loss is
increased by less than one dB.

Although this embodiment illustrates filter 40a with three
resonator sections 48c¢-48¢, the same techniques could be
used with a different number of resonator sections. In addi-
tion to the “top-c¢” Chebyshev topology given here as an
example many other topologies are possible including But-
terworth, Bessel, Cauer-Chebysheyv, Eliptic, etc. A preferable
feature is that the resonant sections and the coupling between
sections include tunable capacitors that allow for the tuning of
center frequency and bandwidth.

A plot, FIG. 5a, shows the bandpass filter response with
both the resonator and bandwidth controls are being varied.
FIG. 55 shows how the bandwidth of the filter changes while
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holding the resonator tuning voltage constant and only vary-
ing the tuning voltage of the pairs of coupling varactors 46¢-
461

One possible layout of the MMIC die 80, FIG. 6, and the
bonding diagram shows how the MMIC die can be assembled
into a surface mount package which enables use of low-cost
assembly technology. The filter may be implemented on a
planar monolithic substrate which for example may be a
GaAs or SiGe substrate.

The response of the bandpass filter, FIG. 7, at a given
frequency and bandwidth illustrates the effectiveness of resis-
tances 50a and 505 at significantly improving the out of band
rejection. Point 82 shows the less than desirable out of band
rejection without the use of resistors 50a and 505. Point 84
shows the significantly improved out of band rejection with
the use of resistors 50a and 504 in series with the pairs of
coupling varactors 46c-46f-

Embodiments of the invention provide a bandpass filter
with high linearity which may be both tunable in center fre-
quency and bandwidth. In addition, the out of band rejection
may remain high and extends several octaves or more beyond
the initial stop band to ensure that spurious far from the carrier
frequency do not re-enter the system in some manner. The
subject bandpass filter may achieve the above performance
with relatively low and flat insertion loss. The subject band-
pass filter may also have its circuit realized in a monolithic
fashion to benefit from the consistency of the many reactive
elements, reduced size, low cost, and the possibility to inte-
grate other active or passive circuit functions on the same die.

Although specific features of the invention are shown in
some drawings and not in others, this is for convenience only
as each feature may be combined with any or all of the other
features in accordance with the invention. The words “includ-
ing”, “comprising”, “having”, and “with” as used herein are
to be interpreted broadly and comprehensively and are not
limited to any physical interconnection. Moreover, any
embodiments disclosed in the subject application are notto be
taken as the only possible embodiments.

In addition, any amendment presented during the prosecu-
tion of the patent application for this patent is not a disclaimer
of any claim element presented in the application as filed:
those skilled in the art cannot reasonably be expected to draft
a claim that would literally encompass all possible equiva-
lents, many equivalents will be unforeseeable at the time of
the amendment and are beyond a fair interpretation of what is
to be surrendered (if anything), the rationale underlying the
amendment may bear no more than a tangential relation to
many equivalents, and/or there are many other reasons the
applicant can not be expected to describe certain insubstantial
substitutes for any claim element amended.

Other embodiments will occur to those skilled in the artand
are within the following claims.

What is claimed is:

1. A bandpass filter, comprising:

a radio frequency (RF) input terminal;

an RF output terminal;

a plurality of electrically tunable coupling capacitors
coupled in series between the RF input and output ter-
minals;

a plurality of resonating circuits each including an electri-
cally tunable resonator capacitor and an inductor in par-
allel with the electrically tunable resonator capacitor, the
electrically tunable resonator capacitor being coupled to
at least one of the coupling capacitors; and

at least one non-parasitic resistor coupled between the RF
input and output terminals in series with at least one of
the coupling capacitors, wherein the bandpass filter is
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configured to pass frequencies within a passband and
reject frequencies outside of the passband, and wherein
the at least one non-parasitic resistor is configured to
provide enhanced out of band rejection of the bandpass
filter by attenuating spurious responses outside of the
passband of the bandpass filter.

2. The bandpass filter of claim 1, further including a first
control circuit coupled to at least one of the coupling capaci-
tors and configured to adjust the bandwidth of the filter.

3. The bandpass filter of claim 2 in which the first control
circuit includes a bandwidth control terminal, and the first
control circuit further includes an inductance and a resistor
coupled in series between the bandwidth control terminal and
each of the coupling capacitors.

4. The bandpass filter of claim 1, further including a second
control circuit coupled to at least one of the resonator capaci-
tors of the resonating circuits and configured to adjust a center
frequency of the filter.

5. The bandpass filter of claim 4 in which the second
control circuit includes a frequency control terminal, and the
second control circuit further includes an inductance and a
resistor coupled in series between the frequency control ter-
minal and each of the resonating capacitors.

6. The bandpass filter of claim 1 in which each of the
resonator capacitors includes a varactor.

7. The bandpass filter of claim 6 in which each of the
varactors includes two diodes coupled together.

8. The bandpass filter of claim 6 in which each of the
varactors includes only one diode.

9. The bandpass filter of claim 6 in which each of the
varactors includes a p-n junction.

10. The bandpass filter of claim 6 in which each of the
varactors includes a field eftect transistor (FET).

11. The bandpass filter of claim 6 in which each varactor
includes a MEMS-based capacitor.

12. The bandpass filter of claim 1 in which the filter is
implemented on a planar monolithic substrate.

13. The bandpass filter of claim 12 in which the monolithic
substrate is one of a GaAs substrate or a SiGe substrate.

14. The bandpass filter of claim 12 in which the monolithic
substrate is mounted in a surface-mount package.

15. The bandpass filter of claim 1 in which each coupling
capacitor includes a ferroelectric based capacitor.

16. The bandpass filter of claim 1 in which the at least one
non-parasitic resistor includes first and second resistors
coupled together with one of the resonating circuits coupled
to a node between the first and second resistors.

17. The bandpass filter of claim 1 in which the at least one
non-parasitic resistor has a value between a range of greater
than zero Ohms and up to 100 Ohms.

18. A bandpass filter, comprising:

an RF input terminal;

an RF output terminal;

aplurality of electrically tunable pairs of varactors coupled
back-to-back in series between the RF input and output
terminals;

a plurality of resonating circuits each including an electri-
cally tunable resonator capacitor and an inductor in par-
allel with the electrically tunable resonator capacitor, the
electrically tunable resonator capacitor being coupled to
at least one of the pairs of varactors; and

atleast one non-parasitic resistor coupled in series between
the plurality of electrically tunable varactors, wherein
the bandpass filter is configured to pass frequencies
within a passband and reject frequencies outside of the
passband, and wherein the at least one non-parasitic
resistor is configured to provide enhanced out of band
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rejection of the bandpass filter by attenuating spurious
responses outside of the passband of the bandpass filter.

19. The bandpass filter of claim 18, further including a first
control circuit coupled to at least one of the pairs of varactors
and configured to adjust the bandwidth of the filter. 5

20. The bandpass filter of claim 19 in which the first control
circuit includes a bandwidth control terminal, and the first
control circuit further includes an inductance and a resistor
coupled in series between the bandwidth control terminal and
each of the pairs of varactors. 10

21. The bandpass filter of claim 18, further including a
second control circuit coupled to at least one of the resonator
capacitors of the resonating circuits and configured to adjust
a center frequency of the filter.

22. The bandpass filter of claim 21 in which the second 15
control circuit includes a frequency control terminal, and the
second control circuit further includes an inductance and a
resistor coupled in series between the frequency control ter-
minal and each of the resonating capacitors.

23. The bandpass filter of claim 21 in which the configu- 20
ration of the filter includes a Chebyshev filter.

24. The bandpass filter of claim 23 in which the Chebyshev
filter is a third order filter.

#* #* #* #* #*



